future anthropogenic emission scenarios (known as representative concentration pathways) were each realized by a different integrated assessment model, which combines knowledge about aspects of climate change and economics into a single framework. The uncertainties associated with projections of land-use change are therefore unknown, even though different outcomes of land-use change are feasible for each of the scenarios. However, the uncertainties in land-use change -in terms of the total area, location and direction of change -will need to be considered to develop land-based policies for mitigating and adapting to the effects of climate change.
Ribosomal ties that bind
The ribosome is the cellular complex of proteins and RNA molecules that synthesizes proteins. An artificial ribosome in which the two main subunits are tethered together creates opportunities for engineering this process. See Letter p.119
J O S E P H D . P U G L I S I
T o engineer a system is to demonstrate a mastery of physical understanding. Mechanical engineers harness a deep understanding of fundamental physics to design new motors. Similarly, biologists are using the current explosion in information about molecular structure and function to engineer biological systems. The ribosome -the macro molecular complex containing RNAs and proteins that translates the genetic coderepresents one of nature's most sophisticated machines. Engineering ribosomes would en able experimental manipulation of protein synthesis and provide deeper insights into cellular and molecular biology. On page 119 of this issue, Orelle et al. 1 describe drastic, but simple, engineering of functional ribosomes, in which two separate subunits are linked as one.
that emerges from all three scenarios is the poleward expansion of boreal forest, a finding that has also been reported in previous work (see ref. 3 , for example). By contrast, tropical forests are more affected by land-use change than are boreal ones, and the effects become evident in the next few decades, but the direction and speed of change depends greatly on the scenario -for example, the ratio of the land area adopted for crop and pasture lands to the area of reforestation.
Thus, a complex picture emerges in which changes in vegetation cover depend on the speed of vegetation's response to humaninduced forcing, whether warming and higher atmospheric CO 2 levels stimulate the expansion of forest cover, and the relative size of areas of deforestation and reforestation. To complicate matters further, the magnitude and direction of vegetation-area change and ecosystem carbon changes are not proportional to each other. The regional differences associated with each scenario count, and not just because of their effects on climate. Changes in land cover will affect species and habitat diversity, but also water supplies, food provision, air quality and other services that society derives from ecosystems. A better understanding of where and when we can expect land-cover changes is therefore needed to develop sustainable land-management strategies.
As Davies-Barnard and co-workers note, there are several caveats to their analysis, some of which relate to the vegetation and carbon-cycle model used. In their study, the nitrogen and carbon cycles do not interact; such a lack of interaction can affect not only future carbon-cycle projections 2 , but also how simulated vegetation cover responds to climate and atmospheric CO 2 changes 4 . Furthermore, the representation of croplands is highly simplified in their model, and does not consider crop-management practices that are known to affect the carbon content of soil.
Another caveat is that forest-management practices, the dynamics of forest regrowth and tree-age distributions are not accounted for in the authors' model, but these are important for carbon cycling in ecosystems. And only net land-use changes -the net area that undergoes a change from one time period to the next -are considered, even though the accuracy of estimates of total land-use change and carbon-cycle calculations can be substantially improved when the more-detailed, multidirectional changes that occur within a region are accounted for 5, 6 . We do not know the degree to which Davies-Barnard and colleagues' results would be affected if all of these caveats were explicitly addressed. Their study will therefore stimulate and challenge scientists to account for land-use and land-cover change much more realistically than is done at present.
Even more interesting is how much the study's findings depend on the envisaged future world. In the fifth IPCC report, four Ribosomes in all organisms exist as two separate subunits, large and small, each consisting of one or two RNA chains and scores of proteins (Fig. 1) . The small subunit is where messenger RNA and transfer RNA (tRNA) molecules interact to read the genetic code, and the large subunit is where the growing protein chain is synthesized from amino acids attached to tRNAs. In prokaryotic organisms (those lacking a nucleus, such as bacteria), these are the 30S and 50S subunits, respectively. The two subunits cooperate to control the precise movements required to make a protein chain.
Protein translation is initiated through a complex process by which a 30S subunit binds to an mRNA and, together with a special initiator tRNA, finds the three-nucleotide sequence (codon) in the mRNA that indicates where translation should start. A 50S sub unit then joins the assembly to create an intact 70S ribosome that is competent to translate. Structural biology using X-ray diffraction and electron microscopy has revealed the detailed and global features of the ribosomal subunits and the fully assembled 70S ribo somal particle 2 , and biophysical and mechani stic studies have sketched the time course of this process 3, 4 . However, a fundamental challenge to engineering ribosomes is that they come in two pieces that must function as one.
Biochemists have been engineering biomolecules for decades -proteins with new folds and functions, and nucleic acids that control gene expression or form complex architectures. A goal of such synthetic biology is to engineer biomolecules to perform functions that are independent of their normal role in the cell, for example a separate pool of ribosomes that can translate using a distinct genetic code 5 . As a step towards this goal, specialized bacterial ribosomes were created 6 that have a mutated sequence in the ribosomal RNA that normally binds to a specific mRNA sequence to position the 30S subunit for initiation. These ribosomes can be guided to translate only mRNAs with certain sequences. Extension of this technology would allow the engineering of ribosomes that perform tasks that are independent of the normal 'worker-bee' ribosomes. However, in this scenario, a normal 50S subunit would interact with both the mutant and the normal 30S subunits, so two truly independent populations of ribosomes are not possible.
In a deft design, Orelle et al. circumvent this problem by connecting the two subunits using a tether made of RNA. Their approach was guided by the structure of the ribosome, in which two RNA hairpins (structures in which the RNA folds back on itself) on the surface of the 30S and 50S subunits are located in close proximity (less than 50 ångströms apart). Both hairpins had been altered drastically in earlier studies without affecting ribosomal function 7, 8 . The authors designed a ribosomal RNA construct that stitched together the 16S and 23S RNAs (components of the 30S and 50S sub units, respectively) at these hairpins into a single covalent RNA chain. The linker, also made out of RNA, was long enough to provide a flexible tether, because the two subunits move with respect to each other during translation. The authors then expressed this construct in bacteria and harnessed the power of natural selection over multiple generations to find the optimal design for their tethered single-particle ribosome, which they call Ribo-T.
The first obvious question was whether this linked ribosome was functional. Through an array of experiments, the authors demonstrated unambiguously that the Ribo-T translates normally. Working in bacteria in which the normal ribosomal RNA genes had been removed, they showed that Ribo-T can act as the only ribosome type in the cell, supporting normal bacterial growth. Biochemical assays confirmed that Ribo-T is fully active in protein synthesis. The authors then showed the utility of Ribo-T by introducing simultaneous mutations in the tethered ribosome's large subunit to allow elongation of peptide sequences that normally cause stalling of translation, and in its small subunit to confer resistance to an antibiotic. The resulting mutant Ribo-T could elongate the stalling sequence only in the presence of the drug. Thus, the Ribo-T system allows linked changes to both ribosomal subunits.
The results presented by Orelle et al. may be harnessed to allow robust engineering of translation systems. Synthetic biologists have previously used altered tRNAs and mRNAs, or unusual amino acids, to recode existing or new codons, allowing the synthesis of proteins containing unnatural amino acids or other chemical building blocks 5 . With Ribo-T, the centrepiece of translation can be engineered to facilitate new applications for translation. Such engineering should always be done with a deep understanding of the mechanistic basis of protein synthesis.
Perhaps even more important than this potential application in synthetic biology are the crucial questions that Ribo-T raises about our view of translation -one that is formed by the textbook concept of separated ribosomal subunits. How does the tethered ribosome initiate translation on an mRNA as a single entity -is it like a clamshell grabbing onto the mRNA strand? Although normal translation occurs unhindered with Ribo-T, does it perhaps block unusual events such as frameshifting (when the ribosome shifts its reading of a codon sequence owing to a nucleotide insertion or deletion), which may require dynamic flexibility that might be suppressed by the tether? How do these ribosomes terminate translation, and how are they pried off the mRNA to be recycled? The answers to these questions will illuminate the basic mechanisms of translation and will probably cause surprise. Armed with this knowledge, thoughtful engineers will continue to tinker with the ribosome. 1 have generated a ribosome in which the small and large subunits are attached by a short length of RNA. Their tethered ribosome is able to carry out normal translation. 
